The ATP synthase in human mitochondria is a membrane bound assembly of 29 proteins of 18 kinds. All but two membrane components are encoded in nuclear genes, synthesized on cytoplasmic ribosomes and imported into the matrix of the organelle.
Introduction
The ATP synthase in human mitochondria provides most cellular ATP under aerobic conditions. Energy derived from oxidative metabolism generates a proton-motive force (pmf) across the inner membrane of the organelle, and the ATP synthase harnesses the pmf to make ATP from ADP and phosphate (1, 2) . Human ATP synthase is an assembly of 29 subunits of 18 types (including the regulatory protein, IF1) with a combined molecular weight of 592 kDa (3) . The subunits are organized into membrane extrinsic and membrane intrinsic domains, linked by central and peripheral stalks (Fig. 1 ).
The protein subunits emanate from two genomes. In humans and other vertebrates, ATP6 and ATP8 are encoded in overlapping genes in mitochondrial DNA (4) and are translated inside mitochondria. The other subunits, produced from nuclear genes, are translated in the cellular cytoplasm, imported into the organelle and assembled together with ATP6 and ATP8 to produce the complete ATP synthase.
Although the assembly of the yeast ATP synthase has been studied extensively (5, 6) , until recently, relatively little was known about how human ATP synthase is assembled.
However, gene-editing now permits individual subunits of the human enzyme to be removed, and the consequences for assembly can then be examined. Thus, in the absence of subunit c an incomplete ATP synthase is formed lacking the c8-ring, ATP6, 4 ATP8, DAPIT and 6.8PL (7). Likewise, removal of either the OSCP or subunit b leads to loss of the entire peripheral stalk, plus ATP6, ATP8, and the five supernumerary subunits, leaving F1-c8 inhibited by IF1 (8) . The mitochondria in human ρ 0 cells lack organellar DNA, and contain another incomplete ATP synthase, necessarily with no ATP6 or ATP8 (7, 9). These incomplete vestigial ATP synthases give insights into the pathway of assembly of the complete enzyme. Here, we have investigated the effects of the selective removal of supernumerary membrane subunits e, f, g, DAPIT and 6.8PL
on assembly of human ATP synthase. Vestigial ATP Synthases. HAP1 cells lacking any one of subunits e, f, g, DAPIT and
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6.8PL all assemble vestigial ATP synthase complexes (Fig. 3) . Each has a full complement of the α-, β-, γ-, δ-and ε-subunits forming the F1-domain, and of the peripheral stalk subunits OSCP, b, d and F6. The HAP1-Δe, -Δf and -Δg cells, but not the HAP1-ΔDAPIT and -Δ6.8PL cells, also lack ATP6 and ATP8. The effects of deleting one supernumerary subunit on the absence or presence of another are more difficult to discern, but removal of either subunit e or g is accompanied by the loss of all other supernumerary subunits, and loss of the 6.8PL accompanies the removal of subunit f.
The subunit compositions of purified vestigial complexes defined by quantitative mass spectrometry (MS) were in agreement with the gel profiles ( Fig. 4; SI Appendix, Fig. S5 ; Datasets S1-S10), and the analyses of mitoplasts (SI Appendix,
Figs. S5 and S6; Datasets S11-S20) were consistent with the following conclusions.
Removal of subunit e or g was accompanied by loss of all other supernumerary subunits, plus ATP6 and ATP8. The peripheral stalk subunits were depleted partially, but the rest of the complex was unaffected. The vestigial complex from HAP1-Δf cells lacked ATP6, ATP8, DAPIT and 6.8PL, but otherwise had a full complement of subunits. In contrast, when DAPIT was removed, all other subunits were retained fully.
The removal of the 6.8PL led to partial loss of ATP6, ATP8 and DAPIT only. In every instance save one, the formation of the vestigial complexes was accompanied by an elevation in the relative level of IF1-M1 (7). The exception was the removal of DAPIT where the levels of all forms of IF1 were unchanged. In mitoplasts from HAP1-Δe, -Δf, -Δg and -Δ6.8PL cells, the relative levels of DAPIT were decreased to a lesser extent Fig. S8 ; Datasets S21-S24). In contrast, when the cells were grown in the presence of galactose, which enforces dependence on oxidative phosphorylation, the difference between DAPIT and other subunits was abolished almost entirely.
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Discussion
The vestigial ATP synthase complexes characterized here and previously (7, 8) have been arranged in an order that describes a branched pathway of assembly of the membrane domain of the enzyme (Fig. 6) . In one arm, the F1-c8 complex, A, is converted to B by addition of the peripheral stalk. Insertion of subunits e and g into B,
together or singly in either order, produces complex C, and subsequent addition of subunit f yields complex E. In the second arm, complex D, consisting of the F1-domain plus the peripheral stalk and subunits e, f and g, is converted to E by the addition of the c8-ring. In complexes A-E, ATP synthesis is uncoupled from pmf, and the hydrolytic activity of their F1-domains appears to be inhibited by IF1. The two arms converge at E, a complex of thirteen nuclear encoded subunits plus IF1 each imported individually into the mitochondrial matrix before or during assembly. This complex, made of a total of twenty-five proteins, provides the template for the insertion of ATP6 and ATP8 singly, in either order, or together. Both are translated on mitochondrial ribosomes, probably close to the matrix surface of the inner membrane. The resulting complex F is partially coupled to ATP synthesis (SI Appendix, Fig. S4E ), and is somewhat unstable as ATP6 and ATP8 are sub-stoichiometric. The addition of 6.8PL stabilizes ATP6 and ATP8 in complex G, producing an active enzyme coupled to ATP synthesis with no accompanying increase of IF1 ( Fig. 4 ; SI Appendix, Fig. S4D ).
In mitochondrial membranes, the ATP synthase is dimerized via interactions in the membrane domain, and the dimers form extensive front-to-back rows along the edges of the cristae (12) (13) (14) . Dimerization of the yeast enzyme depends on the presence of subunits e and g (15) , and they associate sequentially with a monomeric complex leading to an assembly ready to dimerize (16) . In a structure of the dimeric Fo membrane domain of the yeast enzyme (17) , neither of these subunits makes contacts 8 across the monomer-monomer interface, which involves mainly contacts between the two subunits j and the two ATP6 subunits. However, the requirement for the presence of e and g for dimerization to occur is explained by the assembly pathway for the human enzyme, as both subunits have to be present in the growing complex before ATP6 (and ATP8) can be inserted, and subsequently stabilized by the association of 6.8PL (Fig.   6 ). Two important conclusions can now be drawn. First, the 6.8PL and yeast subunit j are almost certainly functional orthologs, and relationships between their sequence and positions of trans-membrane α-helices support this view (SI Appendix, Fig. S9A ).
Second, dimerization most likely follows the insertion of ATP6 and ATP8 and association of the 6.8 PL. The native gel analyses ( Fig. 5 ) and those published elsewhere (7, 9) are in accord with this suggestion. The final step in the assembly pathway, the addition of DAPIT, produces the fully assembled enzyme, complex H ( Fig. 6 ). DAPIT is the most peripheral of the membrane subunits, and unless it is stabilized by the addition of exogenous phospholipids, mild detergents other than digitonin remove it from the purified complex (18, 19) . The most likely role of DAPIT is to form links between dimers of ATP synthase to produce the rows of dimeric complexes along the "edges" of the cristae (12) (13) (14) . In the model of the yeast dimeric Fo-domain, the incomplete structure of subunit k is associated with subunit ATP6 and is distal from the monomer-monomer interface (Fig. 7) . In this position, it is well placed to make contacts between dimers in the oligomeric rows of dimers in mitochondrial inner membranes. It is likely that DAPIT and yeast subunit k are orthologs (SI Appendix, Fig. S9B ). Therefore, the S. cerevisiae and human ATP synthases have the same complement of subunits (Table S3 ). The relative stability of DAPIT under conditions of oxidative metabolism may reflect its role in dimer-dimer interactions 9 during the re-modeling of mitochondria associated with fission and fusion of the dynamic network of mitochondria in cells.
In S. cerevisiae, assembly factors ATP11 and ATP12 participate in the formation of the F1-domain (20) . Another assembly factor FMC1 (formation of complex V assembly factor 1) helps at elevated temperatures, and its loss can be compensated by overexpression of ATP12 (21). The human orthologs are ATPAF1, ATPAF2 and C7orf55 (22, 23), but since their role is in the formation of the F1-domain, it is unsurprising that they were not significantly associated with complexes A-G ( (5, 6). This pathway differs from the one proposed here for the human enzyme as ATP6 and ATP8 are incorporated after the F1-peripheral stalk-c8 complex has formed, and then this complex is stabilized by the 6.8PL (Fig. 6 , complexes F and G).
TMEM70 is a membrane protein that has been suggested to participate in the assembly of the membrane domain of human ATP synthase (32, 33), but neither this protein nor any other plausible assembly protein was increased in their association with vestigial complexes A-G ( Fig. 6 ; SI Appendix, Fig. S5 and Datasets S1-S20).
However, it seems likely that assembly proteins do participate in this pathway, and other methods such as complexomics (34, 35) may be more successful in identifying candidates.
Materials and Methods
Human genes ATP5I, ATP5J2 and ATP5L were disrupted in HAP1 cells by CRISPRCas9 with pairs of guide RNAs (SI Appendix, Table S1) as described before (7) Table S2 and Table S4 . ATP synthase was purified from digitonin solubilized mitoplasts with an immuno-capture resin (Abcam)
as described before (2) . For the SDS-PAGE profiles (Fig. 3) , digitonin in the bead isotope/Δ6.8PL light isotope experiment, the protein ratio is derived from a minimum of two peptide ratios from each complementary SILAC experiment. In the HAP1-Δf and -Δ6.8PL samples, the relative abundance of the c-subunit was not determined.
